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See related article on page 700. The article by Kramer and colleagues1 in this month’s issue of theJournal represents yet another effort by an established clinicalinvestigative unit to extend sophisticated mathematic modelingmethodology to the clinical setting of cardiac surgery. That thesemethods can be readily applied in this setting is well demonstratedby this investigation, as well as by others.2-7 What may be less
apparent is the potential full impact of this technology on the day-to-day clinical
practice of cardiac surgery.
By way of illustration, it was not readily accepted, until the application of
mathematic modeling theory, that systolic function in patients with dilated left
ventricles could be improved by means of surgical or medical interventions to effect
isolated left ventricular (LV) volume reduction. The degree to which preload and
afterload are inherently, unquestionably, and irrevocably tied together and, indeed,
overlap has only been brought to the forefront by the application of these principles
that examine ventricular systolic performance at the level of its very basic building
blocks: stress and strain. The fact that a markedly dilated end-diastolic ventricular
dimension results in elevated end-diastolic, and therefore elevated early systolic,
ventricular wall stress was tacitly understood by mechanics investigators. That this
increase in early systolic stress, however, was the equivalent of what we clinically
refer to as increased afterload was not readily apparent until its clarification by
means of mathematic modeling. In other words, the ventricular volume reduction
that one might obtain, for instance, by eliminating severe mitral regurgitation has the
ability to reduce early systolic wall stress and therefore to reduce afterload during
systolic ejection.
Unfortunately, old paradigms fall hard. The appreciation that an improvement in
LV ejection fraction can be expected after mitral valve repair for severe mitral
regurgitation because of a reduction in afterload is still not readily accepted. Instead,
surgeons still cling to the old paradigm. They fear that the repair of mitral regur-
gitation results in an immediate increase in afterload during systolic ejection and
therefore an immediate reduction in LV ejection fraction. The old paradigm com-
pletely ignores the importance of ventricular dimension on systolic afterload.
Clinging to these old wives’ tales unfortunately allows us to avoid the reality that
poor outcomes after intervention in the setting of mitral regurgitation are most likely
the result of other factors, such as poor myocardial protection. Obviously, the
repercussions of the introduction of mathematic modeling to the clinical setting can
be far reaching and have the potential to profoundly affect the clinical practice of
cardiac surgery.
Kramer and colleagues1 have given the reader compelling evidence that the
application of these techniques in the clinical setting of surgical intervention for LV
aneurysm may, in a similar fashion, have the ability to reform our thinking in this
area. Once again, the consequences of changing thought in this area are far reaching
in the era of surgical ventricular remodeling, as we attempt to apply new recon-
structive techniques in routine LV aneurysmectomy, as well as in surgical inter-
vention for akinetic regions8-10 or for anterior myocardial infarction.11 The stage is
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set because these modeling methods have demonstrated the
capacity to define how the heart responds to various clini-
cally relevant insults, including acute myocardial infarc-
tion,3 pulmonary hypertension,6 and valvular regurgitation.7
The pathologic remodeling processes that can occur in these
settings deserve diligent study in the hopes of teasing out
the factors that influence the ultimate natural course of the
disease and therefore best define appropriate intervention
points. Perhaps more important, however, the reverse re-
modeling processes that may or may not occur after medical
or surgical intervention in dilated cardiomyopathy,2 valvu-
lar regurgitation, acute myocardial infarction, pulmonary
hypertension,6 or LV aneurysm deserve close scrutiny with
the ever more sophisticated modeling tools that have re-
cently become available.
The authors take a very important step in this regard
when they attempt to characterize the reverse remodeling
process in a small group of patients who have undergone
surgical intervention for LV aneurysm. More studies in
larger groups of patients are needed as the mythology sur-
rounding LV aneurysmectomy is cautiously reassessed.
Specifically, we hope to see the age-old fear involving
inadequate residual LV volume analyzed in a critical and
quantitative fashion. It has long been suspected by mechan-
ics investigators that more harm may be done than avoided
by surgeons who leave behind akinetic or even dyskinetic
LV wall segments because the closure or patch reconstruc-
tion is altered to allow for a larger residual volume than is
necessary.
In addition, mathematic modeling theory was the impe-
tus for, and a strong substantiation of, the recent emphasis
on the geometric considerations in reconstructive tech-
niques.12,13 Attention to such qualities as sphericity and
symmetry and on returning the ventricle as closely as pos-
sible to its original shape becomes a logical and accessible
goal once the relative importance of various geometric
parameters are determined by means of mathematic model-
ing. Certainly, if there is anything that these techniques have
taught us, it is that fully 3-dimensional geometry is of
critical importance in determining both regional and global
ventricular wall mechanics. Appropriate geometry after re-
construction can be the difference between success and
failure because of its direct and sometimes profound influ-
ence on stress and strain and, therefore, resulting systolic
and diastolic function.
The current work by Kramer and colleagues also sup-
ports the notion that mathematical modeling may have the
potential to redefine the border zones surrounding LV scars,
specifically in regard to their ultimate ability to contribute to
the systolic function of the heart.14 Surgeons should not fear
altering patch closure to protect fragile border zones. The
difference in outcome may be profound because one recon-
struction may allow border zone contribution to late systolic
ejection,15 whereas a lesser reconstructive technique may
relegate that border zone to subsequent remodeling that
renders it a completely nonfunctional region.
In addition, the authors have once again addressed the
importance of the influence of the aneurysm reconstruction
on the remaining, remote, normal ventricular wall regions.
Their data appear to confirm previous information16 sug-
gesting that the systolic contraction of these remote walls is
improved postoperatively. The responsible mechanism is
similar to that described above for patients with mitral
regurgitation and is, in fact, a common thread that runs
through almost all surgical interventions for dilated cardio-
myopathy of any etiology. Again, mathematic modeling
predicts that the reduction in end-diastolic, and therefore
early systolic, wall stress by contractile chamber volume
reduction results in a reduction of afterload and therefore
improved regional systolic performance in the remote nor-
mal wall segments. These studies add to the growing clin-
ical experience with surgical LV reconstructive procedures
in a wide spectrum of regional pathologic conditions that
suggest that ventricular volume reduction with geometri-
cally appropriate 3-dimensional reconstruction techniques
may have a strong role in improving outcomes in these
difficult patient subsets.
How do we go about making these sophisticated clinical
assessments? First, we need to determine what the output
from our work should be. What new clinically relevant
information can these methods be expected to supply? As
mentioned, these advanced techniques primarily deal with
myocardial wall stress and strain, the most fundamental
units of myocardial function. Stress is most simply defined
as force distributed over area of myocardium and strain as a
normalized measure of relative myocardial point displace-
ment. Increases in LV wall stress have a direct and often
profound effect on the molecular biology of the involved
myocardium, including the stimulation of compensatory
mechanisms that, although based at the subcellular level,
have effects measurable at the macroscopic level.17 Systolic
strain measurement, on the other hand, has the ability to
quantify systolic performance at a near cellular level. Re-
gional wall stress and strain will, almost assuredly, be the
measurable parameters that correlate best with the molecu-
lar changes that seem to be controlling the development of
myocardial dysfunction.17 In many cases they may be the
forces that are driving the cellular molecular biology that
determines the progression of, or recovery from, clinical
heart failure.
Basic input is needed to make these determinations of
myocardial wall stress and strain. This input is usually
composed of measurements of intracavitary LV pressure
and 3-dimensional LV wall geometry and displacements
examined within the framework of myocardial material
properties and constraints. LV pressure measurement is
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relatively straightforward. Even peripheral measurement of
blood pressure can suffice when assessing systole because
the open aortic valve allows for a reasonable peripheral
reflection of intracavitary pressure. Accurate assessment of
LV wall 3-dimensional geometry and point displacements
is, however, another issue altogether. Just like any mathe-
matical system, the quality of the output is directly depend-
ent on the quality of the input data. This is where the recent
improvements in the assessment of these geometric param-
eters with magnetic resonance imaging (MRI) enter the
picture. Previous clinical applications of stress/strain indi-
ces used the tools that were available at that time to supply
input data. These included ejection fraction assessed by
means of left ventriculography and echocardiography, wall
thickening assessed by means of echocardiography, and
occasionally radionuclide left ventriculography. The limited
nature of these crude global measurements of LV wall
displacement mandated expansive assumptions (of prolate
spheroidal LV geometry, for instance) in the application of
mathematical modeling. In addition, the global nature of
most of these measurement tools limited their capability to
accurately and quantitatively assess regional, let alone
transmural, changes.
The introduction of MRI and radiofrequency tissue tag-
ging changed all of that. Radiofrequency tissue tagging
allows the permeation of 3-dimensional crosshatch grids
throughout the LV myocardium. The grid intersection
points can then be tracked throughout the cardiac cycle by
means of rapid magnetic resonance scanning. For the first
time, this has allowed clinical investigators to accurately
determine transmural, regional 3-dimensional myocardial
point displacements. From these point displacements, re-
gional 3-dimensional myocardial strain can be determined.
From these strain determinations, highly accurate 3-dimen-
sional strain maps of the LV myocardial wall can be gen-
erated by means of standard interpolation and fitting algo-
rithms. These strain maps represent the most sophisticated
and highly quantified assessment of global, regional, and
transmural ventricular wall function that has ever been
made available to clinical investigators. Their introduction
has opened a big hole in a formidable defensive line and
made possible a little open-field running for mechanics
investigators like Kramer and colleagues.
Mathematical modeling of the heart is here to stay. Its
clinical use has repeatedly demonstrated that, in regard to
myocardial mechanics and heart surgery, what we knew for
sure is simply not for sure. As the sophisticated mathemat-
ical modeling systems that have been developed for appli-
cation in other engineering venues continue to be incorpo-
rated into computer-based, semiautomated, clinically
applicable algorithms that minimize examiner effort and
bias, an incredibly powerful clinical investigative tool for
the study of myocardial mechanics is emerging. These sys-
tems, combined with the improvements in patient-specific,
fully 3-dimensional geometric data input that are afforded
by MRI with radiofrequency tissue tagging, may herald the
ultimate cardiac diagnostic tool of the future. As rapid
imaging in open magnetic resonance scanners becomes
widespread and the coronary anatomic imaging capabilities
of MRI improve, one can, without much difficulty, envision
the one-stop testing of patients with almost any suspected
cardiac disease. The key to the ultimate success of these
methodologies, however, is in the sometimes daring and
always arduous first steps of the clinical investigators, such
as Kramer and colleagues, who have developed the clinical
methods to bring the mathematics to the bedside. Even those
of us with somewhat limited vision can readily see that we
are on the verge of a very exciting time in the extension of
these techniques to the patient with cardiovascular disease.
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